Introduction {#s1}
============

It has become increasingly clear that several "classical" neurotransmitters, such as serotonin (5-HT), additionally act as neurodevelopmental signals to direct the assembly of the developing brain (Lauder, [@B63]; Whitaker-Azmitia et al., [@B107]; Buznikov et al., [@B21]; Sodhi and Sanders-Bush, [@B95]; Cunningham et al., [@B33]; Riccio et al., [@B88]; Souza and Tropepe, [@B96]; Bonnin and Levitt, [@B14]; Migliarini et al., [@B74]). Even before the raphe-derived neurites start extending, there is an external placental source of 5-HT (Bonnin et al., [@B13]). Furthermore, 5-HT signaling molecules such as enzymes responsible for 5-HT synthesis and breakdown, 5-HT receptors and the 5-HT transporter (5-HTT) are already expressed in the brain before 5-HT neurons are born (Bruning et al., [@B19]; Zhou et al., [@B112]; Cote et al., [@B31]; Bonnin et al., [@B13]; Bonnin and Levitt, [@B14]). The role of 5-HT and its signaling molecules during development is especially important in the light of recent discussions on the effect of serotonin-reuptake inhibitors (SSRIs) during pregnancy (Vitalis et al., [@B102]; Alwan and Friedman, [@B4]; Oberlander et al., [@B80]; Gentile and Galbally, [@B47]; Simpson et al., [@B93]). SSRIs given to the pregnant mother to treat depression, will increase the extracellular 5-HT in not only the mother but also in the brains of the unborn child (Rampono et al., [@B85]; Gentile and Galbally, [@B47]). These children acquire an increased risk to develop reduced somatosensory responses (Oberlander et al., [@B80]) and/or psychomotor control (Casper et al., [@B24]), and appear to have a higher risk to develop autism-like symptoms (Croen et al., [@B32]).

The 5-HT projection system is one of the earliest neurotransmitter systems to develop and send out its projections to distant targets (Whitaker-Azmitia, [@B105]; Homberg et al., [@B56]). Specifically, the 5-HT neurons located in the rostral raphe cluster extend profuse axon tracts into the fore- and midbrain (Gaspar et al., [@B46]; Bang et al., [@B9]). A distant target of the ascending 5-HT projection system within the forebrain is the medial prefrontal cortex (mPFC) (Del Cid-Pellitero and Garzon, [@B39]; Waselus et al., [@B104]). The mPFC is the seat of our highest cognitive abilities and known to be involved in attentional processes, working memory and behavioral flexibility (Miller and Cohen, [@B75]; Heidbreder and Groenewegen, [@B52]). In rodents, the developing 5-HT-positive fibers reach the mPFC around embryonic day 16--17 (E16 in mouse and E17 in rats), where they initially innervate the marginal zone and the subplate, before massively innervating the cortical plate proper (Janusonis et al., [@B57]). The 5-HT fibers, found within the marginal zone of the mPFC, are thought to contact Cajal-Retzius (CR) cells, cortical layer I cells secreting the glycoprotein reelin crucial for the correct layering of the cortex (Janusonis et al., [@B57]; Leemhuis et al., [@B66]). These CR cells express 5-HT~1A~ and 5-HT~3A~ receptors (Janusonis et al., [@B57]; Chameau et al., [@B27]; Vucurovic et al., [@B103]) and differences in 5-HT input onto the latter could result in an altered reelin release, cortical layering and ultimately, PFC-mediated cognitive functioning. Indeed, altered 5-HT innervations of the mPFC have been implicated in the etiology of neurodevelopmental disorders such as schizophrenia, autism spectrum disorders (ASD) and intellectual disability (Gurevich and Joyce, [@B48]; Chugani et al., [@B29]; Whitaker-Azmitia, [@B105], [@B106]; Canli et al., [@B23]; Canli and Lesch, [@B22]; Robbins and Arnsten, [@B89]; Costa et al., [@B30]; Mann, [@B72]).

There are indications that 5-HT acts as a soluble cue and modulates the response of targeting axons to guidance cues (Petit et al., [@B82]; Bonnin et al., [@B15]). Due to the important role of 5-HT in neurodevelopment, factors that influence 5-HT signaling may also have profound effects on the correct development of the brain. The presynaptically located 5-HTT is the primary regulator of 5-HT signaling, terminating the 5-HT signal by allowing reuptake for recycling or degradation (Homberg et al., [@B54], [@B56]; Neumann et al., [@B79]). Apart from being expressed in 5-HT neurons, the 5-HTT is also transiently expressed in non-aminergic neurons, belonging to many topographically distinct brain areas (Lebrand et al., [@B64]; Zhou et al., [@B112]; Narboux-Neme et al., [@B78]; Kalueff et al., [@B59]). In humans, the 5-HTT gene-linked polymorphic region (5-HTTLPR), composed of a short and a long version (Canli and Lesch, [@B22]; Neumann et al., [@B79]; Haddley et al., [@B49]), affects 5-HTT expression and function. The short (s) variant has been associated with robust neurodevelopmental changes in corticolimbic structures, and increased risk for depression in the context of stress (Canli and Lesch, [@B22]). The 5-HTT^−/−^ rat model is also known to display anxiety- and depression-related responses to stressors (Homberg et al., [@B55]; Kalueff et al., [@B59]). Extracellular levels of 5-HT are increased throughout the brain of the 5-HTT^−/−^ rodent, and affect 5-HT receptor expression, where the 5-HT~1A~ is known to be down-regulated in both 5-HTT^−/−^ rodents and s-variant carriers (David et al., [@B37]; Riccio et al., [@B88]; Kalueff et al., [@B59]). Also, due to 5-HTT deficiency, increased activity at the 5-HT~6~ receptor affects proper cortical cytoarchitecture and interneuron migration (Riccio et al., [@B88], [@B87]). The mechanisms by which a reduced 5-HTT function in humans, or reduction/deficiency of 5-HTT in rodents, and consequent increased 5-HT levels, affects areal maturation, guidance and network formation are still not fully understood.

Here we report the results of our study of the chemotropic nature of the interaction between the origin (rostral raphe cluster) and a target (mPFC) of the 5-HT projection system using the 5-HTT knockout rat model. Additionally, we have examined the ability of the outgrowing neurites to form fascicles, and whether differences in fasciculation could be due to 5-HTT deficiency. Moreover, in order to determine whether the early lack of the 5-HTT also affected the maturation of the 5-HT raphe-mPFC projection system, we examined the 5-HT innervation within various subareas of the mPFC in 5-HTT^−/−^ and 5-HTT^+/+^ pups. Using the transcription factor Satb2 (special AT-rich sequence binding protein 2) as a marker for callosal projection neurons in cortical layers II-VI, we analyzed the number of Satb2-positive neurons in 5-HTT-deficient pups.

Materials and methods {#s2}
=====================

Animals
-------

All animal use and care were performed in accordance with the institutional and national guidelines and regulations of the Committee for Animal Experiments of the Radboud University Nijmegen, The Netherlands. All animal experiments conformed to the relevant regulatory standards. The 5-HTT mutant rats (Slc6a4^1Hubr^) were generated in a Wistar background by target-selected ENU-induced mutagenesis (for detailed description, see Smits et al., [@B94]). Timed-pregnant rats were individually housed in macrolon cages in a temperature- and humidity-controlled room (21 ± 1°C and 60% relative humidity, respectively). The rats had *ad-libitum* access to food and water and a normal light-dark cycle was maintained. Timed-pregnant rats were sacrificed by means of CO~2~/O~2~. The morning on which a vaginal plug was detected is considered E0.5. Genotyping of the embryos and pups was performed by KBioscience (Hoddesdon, United Kingdom).

Explant cultures
----------------

Three-dimensional collagen matrix explant assays were performed as described previously (Kolk et al., [@B61]). Embryonic day 16.5 (E16.5) rat embryos were collected in ice-cold L15 medium (Leibovitz with L-glutamine, PAA, Austria) and brains were rapidly dissected. Explants (\<300 μm) were microdissected from (1) the rostral cluster of raphe nuclei, in a rostral-to-caudal direction dividing it in a rostral, intermediate and caudal subarea, bisected along the midline; and (2) the mPFC. Rostral and intermediate subareas correspond to the dorsal raphe nucleus, and the caudal subarea corresponds to the median raphe nucleus (MnR; Figures [1A,B](#F1){ref-type="fig"}; Supplemental Figure [1A](#SM1){ref-type="supplementary-material"}). The explants were collected in ice-cold L15 medium containing 10% fetal calf serum (FCS).

![**Three-dimensional collagen co-cultures of explants taken from the mPFC, DR, and MnR show trophic responses. (A)** Schematic of an embryonic brain showing the position of the 5-HT-positive rostral cluster of raphe nuclei projecting to the mid- and forebrain. The dorsal raphe nucleus (DR) projects to forebrain regions (green arrow) including the prefrontal cortex (mPFC). The median raphe nucleus (MnR) projects (blue arrows) to fore-and midbrain regions. **(B)** Enlargement of the boxed area in **(A)**. The rostral (R) and intermediate (I) subarea correspond to the DR and the caudal (C) subarea corresponds to the MnR. **(C)** Example of a 5-HTT^+/−^ caudal subarea (MnR) co-cultured with mPFC, divided in proximal and distal quadrants and stained for 5-HT (5-HT neurites, green) and Tuj1 (β-III tubulin, all outgrowing neurites, red). **(D)** In the proximal (and distal, not shown) quadrants the neurites are traced and measured. **(E)** Control explants were cultured separately and neurite outgrowth was measured in the 4 quadrants (example of WT mPFC). **(F)** The average length of the neurites in quadrants A, B, C, or D showed no significant (NS) difference. HB, hindbrain; MB, midbrain. Scale bar represents 80 μm.](fncel-07-00143-g0001){#F1}

Combinations of the various raphe subareas and the mPFC were embedded in close proximity (\~300 μm apart) in a collagen matrix (10% 10X MEM, Invitrogen; and 10% NaHCO~3~ in diluted rat tail collagen, Invitrogen) in four-well culture dishes (Nunclon surface, Nunc, ThermoScientific). As controls, the various raphe subareas and the mPFC explants were cultured individually to check for their radial growth. Explants were cultured in growth medium (DMEM-F12 with 10% glutamine and antibiotics, 6% 1,7M glucose, and 10% FCS) in a humidified incubator at 37°C with 5% CO~2~ for 4 days. Growth medium was renewed after 24 h. For each of the combinations of co-cultures mentioned above, at least four independent experiments were performed.

Immunohistochemistry
--------------------

Brains were rapidly dissected from E16.5 embryos and postnatal day 6 (P6) pups, fixed by immersion for 90 min. in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), washed in PBS and cryoprotected in 30% sucrose in PBS. Brains were frozen in M-1 embedding matrix (Thermo Fisher Scientific) on dry ice in a plastic cup and stored at −80^°^C. Cryostat sections were cut at 16 μm, mounted on Superfrost Plus slides (Thermo Fisher Scientific), air-dried, and stored desiccated at −20^°^C.

Cryosections were stained immunohistochemically as described previously (Kolk et al., [@B62]). Rabbit anti-5-HT (Sigma, 1:5000) and mouse anti-Satb2 (Abcam, 1:500) were diluted in blocking buffer (BB, 1.7% normal donkey serum, 1.7% normal goat serum, 1.7% normal horse serum, 1% BSA, 1% glycine, 0.1% lysine, 0.4% Triton X-100, in PBS) and incubated overnight at 4°C. Sections were incubated in species-specific Alexa-conjugated secondary antibody (Molecular Probes) generated in goat and diluted 1:500 in BB for 30 min. at RT. After washing in PBS, sections were counterstained with fluorescent Nissl stain (NeuroTrace; Invitrogen; 1:500), washed extensively in PBS, and embedded in 90% glycerol. Antibody specificity was tested by omitting the primary antibody resulting in no positive signal (negative control) and careful comparison of immuno-positive brain areas with the areas described before (Riccio et al., [@B88]; Balamotis et al., [@B8]) (positive control). The nomenclature to describe 5-HT-positive cells and fibers within various brain areas is as described by (Abrams et al., [@B1]; Kolk et al., [@B61]).

The explants in their collagen matrix were quickly washed in PBS, fixed in buffered 4% PFA for 1.5 h, and washed extensively o/n at 4°C before performing immunocytochemistry. Explants were incubated in BB for 6--8 hr at room temperature (RT). The explants were incubated with primary antibody diluted in BB o/n at 4°C. Rabbit anti-5-HT (Sigma, 1:5000) and mouse anti-Tuj1 (β-III tubulin, Covance, 1:1000) were used to visualize 5-HT or all outgrowing neurites, respectively. On the second day, explants were washed 4 times for a total of 4--5 h at RT. They were then incubated with species-specific Alexa-conjugated secondary antibody (Molecular Probes) generated in goat and diluted 1:500 in BB for 1 h at RT. After washing extensively in PBS o/n at 4°C, the explants were embedded (Prolong Gold, antifade reagent, Invitrogen). For visualization, a Leica DMRA Fluorescence microscope with DFC340FX camera and LASAF software was used.

Data analysis
-------------

All data analysis was performed in a double-blind fashion. For quantification of the explants assays, the explants were divided in a proximal and distal quadrant of which images were captured as described by (Kolk et al., [@B61]). The length of the 20 longest neurites was measured in both the proximal and distal quadrants of the culture using Neuron J (Image J plug-in) with an average of 5 explants per condition. The average value of length of each explant in both proximal and distal quadrants was used to determine the proximal/distal ratio (P/D ratio) per explant (Kolk et al., [@B61]). The number, width, and length of the neurite fascicles were analyzed in the proximal and distal quadrants of the culture using NeuronJ by tracing across and along the fascicle.

For assessing 5-HT fiber length and number of Satb2-positive neurons in the various subareas of the mPFC of 5-HTT^+/+^, 5-HTT^+/−^ and 5-HTT^−/−^ rats, three to five pups of each genotype of at least three independent litters were analyzed and two to four well-spaced (120 μm) sections at the same neuroanatomical level were imaged. A 0.1-mm-wide rectangle spanning the cerebral wall was placed over the center of the subarea (either infralimbic, IL, prelimbic, PL or cingulate cortex, Cg) of the mPFC. The overall cortical width of a subarea was divided into 10 equal bins \[bin 1 within the deep cortical zone and bin 10 within the presumptive layer I\] within this rectangle, and 5-HT-positive fiber length or Satb2/Nissl-positive neuron number was measured within each bin using ImageJ software (NIH, Bethesda, USA). Data were normalized to total length or number per square micrometer and averaged for each pup. To better visualize and compare 5-HT innervation of wild-type and mutant mPFC, reconstructions of the individual fibers were obtained using NeuronJ from two to three consecutive sections, bilaterally. Data were statistically analyzed by one-way ANOVA (α = 5%) and expressed as means ± SEM.

Results {#s3}
=======

Presence of 5-HTT during early development modulates rostral raphe-mPFC directional responses *in vitro*
--------------------------------------------------------------------------------------------------------

The rostral cluster of raphe nuclei forms projections toward their targets in the fore- and midbrain (Dahlstrom and Fuxe, [@B34]; Van Bockstaele et al., [@B98]; Waselus et al., [@B104]; Bang et al., [@B9]). One of the targets within the forebrain is the mPFC (Wilson and Molliver, [@B109]; Verney et al., [@B101]; Del Cid-Pellitero and Garzon, [@B39]; Puig and Gulledge, [@B83]). The 5-HT projections are guided along the way to their target by various cues, either soluble or membrane-bound, as they develop (Petit et al., [@B82]; Anitha et al., [@B6]; Lee et al., [@B65]).

To identify the chemotropic nature of the interaction between the rostral cluster of raphe nuclei and the mPFC and to evaluate possible changes in the 5-HTT knockout model, we performed three-dimensional collagen co-cultures of the rostral cluster of raphe nuclei and the mPFC (Figure [1](#F1){ref-type="fig"}; Supplemental Figures [1A,B,D](#SM1){ref-type="supplementary-material"}). Brain areas were microdissected from E16.5 5-HTT^+/+^, 5-HTT^−/−^ and 5-HTT^+/−^ embryonic brains (Supplemental Figure [1A](#SM1){ref-type="supplementary-material"}). Explants were taken from the rostral cluster of raphe nuclei and were divided into three subareas; rostral, intermediate and caudal (Figures [1A,B](#F1){ref-type="fig"}; Supplemental Figure [1A](#SM1){ref-type="supplementary-material"}). The rostral and intermediate subareas correspond to the dorsal raphe nucleus (DR) which mainly projects to the forebrain, including the mPFC (Van Bockstaele et al., [@B98]; Waselus et al., [@B104]). The caudal subarea corresponds to the median raphe nucleus (MnR) which innervates both the fore- and midbrain (Figures [1A,B](#F1){ref-type="fig"}; Supplemental Figures [1A--C](#SM1){ref-type="supplementary-material"}) (Puig and Gulledge, [@B83]). The explants from the mPFC were co-cultured with one of the subareas of the raphe in a collagen hill for 4 days (Figure [1](#F1){ref-type="fig"}; Supplemental Figures [1A](#SM1){ref-type="supplementary-material"},[B](#SM1){ref-type="supplementary-material"},[D](#SM1){ref-type="supplementary-material"}). After 4 days, the explants were fixed and immunostained for 5-HT and Tuj1 (β-III tubulin, a marker for outgrowing neurites). To measure the extent of attraction or repulsion of outgrowing neurites, revealing the chemotrophic nature of the interaction between the two areas, the explants were divided into a proximal and a distal quadrant, with the proximal quadrant facing the co-cultured explant (Figure [1C](#F1){ref-type="fig"}). Within the proximal and distal quadrant the lengths of the longest neurites were measured and averaged (Figure [1D](#F1){ref-type="fig"}). The average length of the neurites on the proximal site was then divided by the average length of the distal site neurites giving the proximal/distal-ratio (P/D ratio). A P/D ratio above 1 indicates an attractive interaction, whereas a P/D ratio less than 1 denotes repulsion (Pasterkamp et al., [@B81]; Kolk et al., [@B61]; Fenstermaker et al., [@B43]). As a control, explants of the various brain areas were cultured individually and divided into four quadrants (Figure [1E](#F1){ref-type="fig"}). The lengths of the longest neurites were measured in each quadrant and statistical analysis revealed no significant differences between the 4 quadrants, indicating a radial neurite outgrowth when cultured individually (Figure [1F](#F1){ref-type="fig"}).

Figures [2A--F](#F2){ref-type="fig"} show examples of the proximal and distal side of explants of subareas of the rostral raphe and the mPFC co-cultured together (arrowheads above the schematic indicate the displayed explant). P/D ratios of the 5-HT neurite outgrowth and the overall neurite outgrowth (Tuj1-positive) of suareas of the raphe co-cultured with the mPFC (examples in Figures [2A--D](#F2){ref-type="fig"}) were calculated and depicted in Figures [2G,H](#F2){ref-type="fig"}. The P/D ratios of 5-HT neurite outgrowth of the DR (rostral and intermediate subarea) indicated little attraction toward the mPFC (Figure [2G](#F2){ref-type="fig"}). Lack of 5-HTT had no effect on the targeted neurite outgrowth from the DR (Figure [2G](#F2){ref-type="fig"}). The P/D ratios of the 5-HT neurite outgrowth of the MnR (caudal subarea) showed significant differences due to 5-HTT deficiency (Figures [2A,B,G](#F2){ref-type="fig"}). In the wild-type situation a repulsive interaction toward the mPFC was observed (P/D ratio, 0.53; Figures [2A,G](#F2){ref-type="fig"}). However, the reduction or lack of the 5-HTT caused a significant attractive interaction (P/D ratios, 1.52 and 1.20, respectively (resp.); *p* = 0.0018 and 0.033, resp.; Figures [2B,G](#F2){ref-type="fig"}). Since the fibers are no longer repulsed, we can speculate that an increased number of 5-HT fibers may now target the mPFC. The observed switch to an attractive interaction was not found in the overall neurite outgrowth (Tuj1) from the MnR, here the interaction remained repulsive (P/D ratios, 0.59, 0.49, 0.47 for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; Figure [2H](#F2){ref-type="fig"}). In the wild-type situation, the overall neurite outgrowth of the DR (rostral and intermediate explants) seemed to be slightly attracted by the mPFC (P/D ratio, 1.10 and 1.01; Figures [2C,H](#F2){ref-type="fig"}). However, the 5-HTT^+/−^ situation resulted in a switch to significant repulsion, although with the complete lack of 5-HTT this repulsion became less obvious (P/D ratios, 0.57 and 0.74, resp.; *p* = 0.012 and 0.022, resp.), especially in the more caudal (intermediate subarea) part of the DR (P/D ratios, 0.58 and 0.94, resp.; *p* = 0.022 between HTT^+/+^and 5-HTT^+/−^; Figures [2D](#F2){ref-type="fig"},[H](#F2){ref-type="fig"}).

![**The chemotrophic nature of the interaction between the mPFC and the DR and MnR depends on 5-HTT during development. (A-F)** High magnification photographs of proximal and distal quadrants of the raphe (positive for 5-HT, green and Tuj1, red) and the mPFC (Tuj1, red). Arrowhead in schematic representations indicate the example given. **(G,H)** Quantification of the length of 5-HT-positive and Tuj1-positive neurites in the proximal and distal quadrants of the DR and the MnR, co-cultured with mPFC. Graphs show average P/D ratios ± SEM. **(I)** Quantification of the length of Tuj1-positive neurites in the proximal and distal quadrants of the mPFC co-cultured with either the DR or MnR. Graph shows average P/D ratios ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01. Gray ovals in G-I indicate the example given on the left. Dist, distal quadrant; DR, dorsal raphe nucleus; mPFC, medial prefrontal cortex; MnR, median raphe nucleus; Prox, proximal quadrant.](fncel-07-00143-g0002){#F2}

Figures [2D](#F2){ref-type="fig"},[I](#F2){ref-type="fig"} show the P/D ratios of overall neurite outgrowth from the mPFC which was co-cultured with either the rostral, intermediate, or caudal subarea of the raphe. The mPFC neurite outgrowth in the wild-type and 5-HTT^−/−^ situation was attractive toward all subareas of the rostral raphe (P/D ratios, 1.19, 1.01 and 1.29, resp.; Figures [2E,F,I](#F2){ref-type="fig"}). However, for the 5-HTT^+/−^ explants this interaction of the mPFC with all subareas of the rostral raphe switched to repulsive (P/D ratios, 0.81, 0.72 and 0.58, resp.). This phenomenon was most prominent when the mPFC was co-cultured with the MnR (caudal subarea) as shown in Figures [2E,F,I](#F2){ref-type="fig"} (*p* = 0.017 between HTT^+/+^and 5-HTT^+/−^). In absence of the 5-HTT, the P/D ratios were comparable with the wild type situation (P/D ratios, 1.23, 1.06, and 1.22, resp.; Figure [2I](#F2){ref-type="fig"}).

Taken together, these data show that the outgrowing neurites of the DR/MnR and from the mPFC, show directional responses when cultured together. The nature of this response is different for DR compared to MnR, and is affected by the level of 5-HTT expression.

Presence of 5-HTT during early development moderates fasciculation of outgrowing mpfc neurites toward rostral raphe
-------------------------------------------------------------------------------------------------------------------

During the formation of neuronal projection systems, outgrowing axons are guided to their distant targets by a variety of guidance cues (Tessier-Lavigne and Goodman, [@B97]; Dickson, [@B40]). Most axons grow alongside other axons for much of their lengths as pioneer axons create the first scaffold for the different projection pathways. Subsequent axons may associate in specific bundles or fascicles, and grow alongside this scaffold in order to reach their proper targets (Van Vactor, [@B100]; Jaworski and Tessier-Lavigne, [@B58]). The process of fasciculation of axons requires internal membrane-bound cues, such as members of the neuronal cell adhesion molecule (NCAM) or semaphorin family (Barry et al., [@B10]). However, soluble guidance cues secreted from (intermediate) targets also modulate fasciculation (Jaworski and Tessier-Lavigne, [@B58]).

When examining the outgrowing neurites of the explants from the various subareas and genotypes, we noticed differences in the number of outgrowing fascicles, especially from the mPFC (Figure [3](#F3){ref-type="fig"}; Supplemental Figure [2A](#SM2){ref-type="supplementary-material"}). Therefore, we first determined in how many of the explants (proximal quadrant) of the different subareas (both raphe as well as mPFC), fascicles with a minimum width of 5 μm, were formed (Supplemental Figures [2C--E](#SM2){ref-type="supplementary-material"}). It became obvious that most of the mPFC explants exhibited fasciculation. Considering exclusively the 5-HT-positive neurites, no fascicles were formed in explants either from the DR or the MnR (Supplemental Figures [2C--F](#SM2){ref-type="supplementary-material"}). Lack of 5-HTT did not affect this deficient 5-HT fasciculation. However, in some cases, the 5-HT-positive neurites did grow alongside Tuj1-positive fascicles (Supplemental Figure [1D](#SM1){ref-type="supplementary-material"}). In most explants of the mPFC, fascicles were formed, although differences were found when co-cultured with the rostral raphe subareas and across genotypes (Supplemental Figures [2C--E](#SM2){ref-type="supplementary-material"}). For example, the percentage of mPFC explants co-cultured with the rostral subarea (DR) showing fascicles was increased in 5-HTT^+/−^ and 5-HTT^−/−^ as compared to the 5-HTT^+/+^ mPFC (Supplemental Figure [2C](#SM2){ref-type="supplementary-material"}). All mPFC explants of wild-type and 5-HTT^−/−^ animals co-cultured with the intermediate (DR) and caudal subarea (MnR) had formed fascicles. Notably, the 5-HTT^+/−^ situation resulted in a reduced number of mPFC explants with fascicles co-cultured with the intermediate (DR) and caudal subarea (MnR) (Supplemental Figures [2D,E](#SM2){ref-type="supplementary-material"}).

![**The amount of 5-HTT during development influences mPFC fasciculation. (A)** Examples of differences in number of fascicles per explant in WT, 5-HTT^+/−^ and 5-HTT^−/−^ mPFC (proximal quadrant) co-cultured with the rostral (DR, left panels) or caudal subarea (MnR, right panels). Scale bar represents 50 μm. **(B--D)** Quantification of the number of mPFC fascicles (\>5 μm) per explant, for the different subareas and genotypes in both the proximal (prox) and distal (dist) quadrant. Gray ovals in **(B,D)** indicate the example given on the left. Graphs show average number of fascicles (\>5 μm) per explant ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05.](fncel-07-00143-g0003){#F3}

Furthermore, we noticed that the number of fascicles formed per explant varied and depended on the genotype. We therefore quantified the average number of fascicles per mPFC explant. Figure [3A](#F3){ref-type="fig"} shows the number of fascicles in wild-type (upper panels) as compared to 5-HTT^+/−^ (middle panels) and 5-HTT^−/−^ (lower panels) in the proximal quadrants of mPFC explants co-cultured with either the DR (left panels) or the MnR (right panels). Lack of 5-HTT resulted in a significant increase in the number of fascicles in the proximal quadrant of the mPFC co-cultured with the rostral subarea (DR) of the raphe (average number is 3.33, 6.25 and 7.33 fascicles for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.023; Figures [3A--D](#F3){ref-type="fig"}, left) and a significant decrease when co-cultured with the caudal subarea (MnR, Figures [3A,D](#F3){ref-type="fig"}, right; average number is 9.50, 4.33, and 2.67 fascicles for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.022). An increase in the number of fascicles per mPFC explant was also observed in the distal quadrant of the mPFC that was co-cultured with the rostral part of the DR upon (partial) lack of the 5-HTT (average number is 3.40, 4.40, and 5.40 fascicles for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.036; Figure [3B](#F3){ref-type="fig"} and data not shown).

The length and width of a fascicle may provide information about the number of neurites bundled together, the nature of internal membrane-bound cues, and the nature of (soluble) environmental cues. For example, a repulsive interaction between axon and environment may favor fasciculation by channeling axons in a common path (Van Vactor, [@B100]; Jaworski and Tessier-Lavigne, [@B58]).

To measure the length and width, we traced along and across the fascicle, resp. (Supplemental Figure [2B](#SM2){ref-type="supplementary-material"}). We found differences in fascicle length growing from the mPFC when co-cultured with either the DR or the MnR, which depended on the genotype. Although not significant in the proximal quadrant of the mPFC, Figures [4A--D](#F4){ref-type="fig"} shows that in the distal quadrant of a wild-type or 5-HTT^+/−^ mPFC co-cultured with DR significantly longer fascicles were formed compared to the 5-HTT deficient situation (average length of fascicles, 286.3, 234.8 and 137.3 μm for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.0097 and 0.0012, resp. for the rostral subarea and the average length of fascicles, 279.4, 221.9 and 195.5 μm for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.049 and 0.012, resp. for the intermediate subarea). Small differences between DR and MnR were observed as well. For example, when comparing the distal quadrant of the rostral subarea of the DR (Figure [4C](#F4){ref-type="fig"}) with the MnR (Figure [4E](#F4){ref-type="fig"}) immunostained for β-III tubulin (all outgrowing neurites), the average fascicle length of fascicles from the MnR was longer.

![**Differences in length of fascicles from the mPFC controlled by the presence of 5-HTT during development. (A,B)** Example of differences in fascicle length in the distal quadrant of 5-HTT^+/+^ and 5-HTT^−/−^ mPFC co-cultured with the rostral subarea. Scale bar represents 100 μm. **(C--E)** Quantification of the length of fascicles in the proximal and distal quadrants of a subarea cocultured with mPFC. Graphs show average length of fascicles per explant ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01.](fncel-07-00143-g0004){#F4}

Quantification of the average fascicle width among the various subareas and genotypes showed little significant differences, except for the proximal quadrant of the mPFC co-cultured with the rostral subarea of the DR where the width of the fascicles was significantly lower in the 5-HTT^−/−^ compared to fascicles of 5-HTT^+/−^ explants (average fascicle width is 12.03, 14.61, and 9.65 μm for HTT^+/+^, 5-HTT^+/−^, and 5-HTT^−/−^, resp.; *p* = 0.034; Supplemental Figure [3C](#SM3){ref-type="supplementary-material"}). Supplemental Figures [3A,B](#SM3){ref-type="supplementary-material"} illustrate the fascicle width of mPFC co-cultured with the MnR in 5-HTT^−/−^ compared to wild-type explants which was increased, although not significantly.

Taken together these data suggest that there are differences in the formation of fascicles by outgrowing neurites from the DR/MnR and from the mPFC, which seems to be affected by the (partial) lack of 5-HTT.

Serotonergic innervation of various subareas of the mPFC is modulated by 5-HTT expression during development
------------------------------------------------------------------------------------------------------------

The ability of 5-HTT to regulate 5-HT levels during development (Buznikov et al., [@B21]; Narboux-Neme et al., [@B78]; Wiggins et al., [@B108]) together with the different directional responses of both raphe- as well as mPFC-derived projections raises the possibility that 5-HT and its signaling molecules can play an important role in axon guidance events navigating 5-HT axons to their forebrain targets. Therefore, we studied 5-HT innervation of the mPFC *in vivo* in 6 days old 5-HTT^−/−^ pups (P6) and compared that to wild-type innervation. Coronal sections of P6 5-HTT^−/−^ rats (*n* = 3) and wild-type littermate controls (*n* = 4) were stained for 5-HT to visualize raphe-derived projections and the length of the 5-HT innervation within the various subareas of the mPFC was measured. The length of the projections was quantified in 10 bins comprising the cerebral gray matter width (Figure [5](#F5){ref-type="fig"}). To better visualize 5-HT-positive fibers over the cerebral swatch containing the gray matter which included the deeper and most superficial cortical layers, we made camera lucida drawings (Figures [5B--D](#F5){ref-type="fig"}). In 5-HTT^−/−^ rats compared to control littermates, the drawings showed a clear increase in the amount of prefrontal 5-HT innervation in all subareas (Figures [5B--D](#F5){ref-type="fig"}). The average 5-HT-positive fiber length in the 5-HTT^−/−^ mPFC was higher as compared to the wild-type mPFC in every bin, except for bin 8 (IL) and bin 8 and 9 (PL), likely to represent layers II and III (Figures [5B,C,E,F](#F5){ref-type="fig"}). Remarkably, the cingulate mPFC showed a higher 5-HT fiber density in the deeper layers in absence of 5-HTT, whereas reduced levels were found in the more superficial layers (Figures [5D,G](#F5){ref-type="fig"}), suggesting another raphe-derived route of the developing 5-HT projections.

![**Serotonergic innervation of the mPFC is increased in absence of the 5-HTT during development. (A)** Schematic showing the level of coronal sectioning (dotted line) within the mPFC comprised of the Infralimbic (IL, **B**), Prelimbic (PL, **C**) and Cingulate cortex (Cg, **D**). **(B)** Camera lucida drawings of 5-HT-positive fibers within the IL of 5-HTT^+/+^ and 5-HTT^−/−^ mPFC. Inset shows 5-HT fiber density (green) in the deeper layers of the mPFC. **(C)** Camera lucida drawings of 5-HT-positive fibers within the PL of 5-HTT^+/+^ and 5-HTT^−/−^ mPFC. Inset shows 5-HT fiber density (green) in the deeper layers of the mPFC. **(D)** Camera lucida drawings of 5-HT-positive fibers within the Cg of 5-HTT^+/+^ and 5-HTT^−/−^ mPFC. Inset shows 5-HT fiber density (green) in the superficial layers of the mPFC. **(E)** Quantification of the total 5-HT fiber length in μ m in 10 bins dividing the IL as indicated in **(B)** confirming the qualitative observations as seen in **(B)**. **(F)** Quantification of the total 5-HT fiber length in μ m in 10 bins dividing the PL as indicated in **(C)** confirming the qualitative observations as seen in **(C)**. **(G)** Quantification of the total 5-HT fiber length in μ m in 10 bins dividing the Cg as indicated in **(D)** confirming the qualitative observations as seen in **(D)**. There is a significant increase in the most deep cortical layers of the IL, PL as well as the Cg of 5-HTT^−/−^ compared to 5-HTT^+/+^ pups (*p* \< 0.05--0.001). The gray boxes indicate the non-significant bins in the more superficial layers. Graphs show average length of 5-HT-positive fibers per bin ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.](fncel-07-00143-g0005){#F5}

Overall, these results indicate a crucial developmental role for 5-HTT in the guidance of 5-HT projections to their targets in the mPFC.

Absence of 5-HTT during development alters the identity of prefrontal projection neurons
----------------------------------------------------------------------------------------

Cortical neurons migrate to the proper location within the cortical plate (CP) through cell-autonomous and non-autonomous mechanisms (Kolk et al., [@B61]; Manent et al., [@B71]; Molnar and Clowry, [@B76]). To assess whether 5-HTT, either directly or indirectly, influences the identity and/or migration of prefrontal cortical neurons, we performed immunocytochemistry for both 5-HT and Satb2, a marker for upper-layer neurons (Dobreva et al., [@B42]; Alcamo et al., [@B2]; Britanova et al., [@B17]). Although the total number of neurons within the different subareas of the mPFC did not differ, we observed a remarkable reduction of Satb2-positive cells in all subareas of the mPFC in 5-HTT^−/−^ animals (*n* = 3) as compared to their wild-type littermates (*n* = 4) (Supplemental Figure [4](#SM4){ref-type="supplementary-material"}). Surprisingly, Satb2-positive cells were no longer homogeneously restricted to layers II-VI, where a small percentage was scattered over the cerebral swatch in 5-HTT^−/−^ as compared to control mPFC (Figures [6A--F](#F6){ref-type="fig"}). Furthermore, it appeared that in the prelimbic but especially in the cingulate cortex of 5-HTT^−/−^ animals the Satb2-positive cells were often positioned in patches (Figures [6B,C](#F6){ref-type="fig"}, arrowheads). It remains to be established whether this reduction of Satb2-positive cells in the mPFC of rats lacking 5-HTT is cell-autonomous or due to increased 5-HT innervation, or both.

![**Projection neuron identity is altered in absence of the 5-HTT during development. (A)** Coronal sections immunostained for 5-HT (green), Satb2 (red) and counterstained with fluorescent Nissl (blue) of 5-HTT^+/+^ and 5-HTT^−/−^ IL showing the position of callosal projection neurons (presumptive layer II-V). **(B)** Coronal sections of the PL as in **(A)**. **(C)** Coronal sections of the Cg as in **(A)**. Arrowheads indicate clusters of misplaced neurons. **(D)** Quantification of the number of Satb2-positive cells in 10 bins dividing the IL confirming the qualitative observations as seen in **(A)**. **(E)** Quantification of the number of Satb2-positive cells in 10 bins dividing the PL confirming the qualitative observations as seen in **(B)**. **(F)** Quantification of the number of Satb2-positive cells in 10 bins dividing the Cg confirming the qualitative observations as seen in **(C)**. There is a significant decrease in the number of Satb2-positive cells in the IL, PL, and Cg of 5-HTT^−/−^ compared to 5-HTT^+/+^ (*p* \< 0.05--0.001). Graphs show average number of Satb2-positive cells per bin ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.](fncel-07-00143-g0006){#F6}

In sum, these results indicate that appropriate 5-HTT levels during early brain development are important for proper maturation of the raphe-prefrontal projection system (Figure [7](#F7){ref-type="fig"}).

![**Proposed model of the effect of 5-HTT deficiency on DR and MnR serotonergic neurite outgrowth during development.** Cg, cingulate cortex; DR, dorsal raphe nucleus; HB, hindbrain; IL, infralimbic; MB, midbrain; MnR, median raphe nucleus; PL, prelimbic.](fncel-07-00143-g0007){#F7}

Discussion {#s4}
==========

Our data show that the 5-HTT knockout rat represents an excellent model to investigate the role of 5-HTT in the development of the rostral raphe-prefrontal network formation. The present study evaluates the trophic nature of the interaction between the origin (rostral raphe cluster) and a target (mPFC) of the 5-HT projection system and how this interaction is modulated by the lack of the 5-HTT during development. Furthermore, we observed the ability of outgrowing neurites originating from the DR or MnR and mPFC to form fascicles, and once formed, we quantified the number, length, and width of the fascicles to evaluate the effect of 5-HTT expression during outgrowth. The nature of the interaction appears to depend on (1) the origin of 5-HT-positive projections within the rostral raphe cluster and (2) the presence of 5-HTT during development. In wild-type explants, the 5-HT fibers of the DR have a slightly attractive interaction with the mPFC, although not significant, while the 5-HT neurites of the MnR are repulsed by the mPFC. The most striking finding of this study shows that the 5-HT projections from the MnR become strongly attracted by the mPFC instead of being repelled in the absence of 5-HTT during development. *In vivo*, this is paralleled by the fact that in the 5-HTT^−/−^ mPFC the 5-HT innervation was significantly increased as compared to the wild-type situation. In addition we show that the number of Satb2-positive callosal projection neurons is reduced in absence of the 5-HTT. Together, these results lead us to hypothesize, as depicted in Figure [7](#F7){ref-type="fig"}, that due to lack of 5-HTT throughout development (1) the characteristics of the raphe neurons might have changed, (2) raphe neurons can have an altered guidance of their outgrowing neurites as well as (3) the identity of the neurons within the mPFC, which send out projections in their turn, may have changed.

The role of 5-HTT in the development of the raphe nuclei
--------------------------------------------------------

The 5-HTT is expressed in serotonergic neurons of the rostral raphe cluster as early as E11.5 (mouse) and E12.5 (rat) but also in non-serotonergic fibers such as thalamocortical projections (Schroeter and Blakely, [@B92]; Bengel et al., [@B11]; Bruning and Liangos, [@B18]; Bruning et al., [@B19]; Hansson et al., [@B51]; Zhou et al., [@B112]; Galineau et al., [@B45]; Narboux-Neme et al., [@B78]; Daws and Gould, [@B38]). One possibility to explain the observed results is that the characteristics of the 5-HT neurons within the rostral raphe have changed because of altered 5-HTT expression. Indeed, in absence of the 5-HTT, the DR neurons are fewer in number which could have an effect on the organization of the MnR and its projections (Lira et al., [@B69]). The 5-HT~1A~ of the DR neurons shows furthermore a marked desensitization when 5-HTT is lacking which could lead to functional consequences for the areas these DR axons innervate (Li et al., [@B66a]; Mannoury La Cour et al., [@B72a]; Holmes et al., [@B53a]; Bose et al., [@B15a]).

Three-dimensional collagen explant assays, are an excellent way to study interactions between areas within a particular network (Bonnin et al., [@B15]; Bozkurt et al., [@B16]; Kolk et al., [@B61]; Schmidt et al., [@B91]). When cultured alone, the various explants of the raphe and mPFC showed radial growth, indicating optimal growth conditions for the outgrowing neurites. Furthermore, we found specific and consistent outgrowth read-outs demonstrating the validity of the assay. Yet, there are several points of discussion when using sensitive *in vitro* assays like the explant assay. Although it was not measured in this particular study, we can assume that extracellular levels of 5-HT were elevated when the 5-HTT was absent (Gaspar et al., [@B46]; Riccio et al., [@B88], [@B87]; Haenisch and Bonisch, [@B50]; Van Kleef et al., [@B99]). Even though the extrasynaptic concentration of 5-HT can reach the millimolar range (Bruns et al., [@B20]), the concentration and/or clearance of the released 5-HT within the medium was not measured over time in this experiment which could have had an effect on the observed results. In addition, the fact that a reduced 5-HT reuptake results in an increased 5-HT synthesis has been well documented (Kim et al., [@B60]; Haenisch and Bonisch, [@B50]). Although raphe explants from 5-HTT^−/−^/5-HTT^+/−^ animals showed 5-HT-positive outgrowing neurites, it is to be investigated how much 5-HT, or other soluble cues, is actually secreted by these neurons *in vitro*.

Axonal guidance of serotonergic projections
-------------------------------------------

The 5-HT projection system is one of the earliest neurotransmitter systems to innervate the brain, but the last to innervate the hippocampus and the cortex (Wilson and Molliver, [@B109]). During development, 5-HT may complete the maturation of a variety of neuronal projections systems, including its own, and the progression of interneuronal contacts (Lidov and Molliver, [@B68]; Daubert and Condron, [@B36]; Puig and Gulledge, [@B83]). The 5-HT neurons of the DR and MnR are known to innervate various subareas of the cortex including the mPFC (Bennett-Clarke et al., [@B12]; Del Cid-Pellitero and Garzon, [@B39]; Waselus et al., [@B104]; Celada et al., [@B25]; Chandler et al., [@B28]). While it cannot be excluded that the 5-HT raphe neurons are functionally different due to lack of 5-HTT, guidance of these and other (e.g., thalamocortical) projections might have been affected as well in absence of 5-HTT during development of the raphe-prefrontal network.

The observed interaction of the DR when co-cultured with the mPFC being neutral was unexpected since the DR is known to strongly innervate the cortical regions including the mPFC (Wilson and Molliver, [@B109]; Puig and Gulledge, [@B83]). Lack of 5-HTT did not affect the chemotropic nature of this interaction. This may indicate that another target of the 5-HT fibers lies beyond the mPFC and may encounter the mPFC as an intermediate target or needs an older mPFC to become attracted. Another possibility can be that the growing 5-HT projections need intermediate targets along its projection (e.g., thalamic regions) which is first encountered before projecting toward the cortical areas. An interesting question would be to evaluate whether the responses of the outgrowing neurites would change when E16.5 raphe tissue would be co-cultured with older mPFC explants or with other (intermediate) targets such as thalamus or hippocampus.

Interestingly, the interaction of the 5-HT fibers of the MnR toward the mPFC switched from a fairly strong repulsive to an attractive interaction in the absence of 5-HTT. *In vivo*, this could result in an increased innervation of the mPFC by the MnR. MnR-derived varicose M-fibers, which are believed to not express 5-HTT (Amilhon et al., [@B5]), mainly target layers II and III in the frontal parts of the cortex (Hensler et al., [@B53]), layers where we found the smallest differences in 5-HT innervation. In order to exclude the possibility that the switch of MnR neurites to attraction is due to an altered mPFC, it would be of interest to culture wild-type cortex together with DR/MnR from 5-HTT^+/−^ or 5-HTT^−/−^ animals.

Furthermore, 5-HT has been shown to have a modulatory effect on outgrowing axons by affecting their response to classical guidance cues such as netrin-1 (Bonnin et al., [@B15]). This means that in absence of the 5-HTT during development, the responses of the outgrowing neurites from either the raphe and/or the mPFC to guidance molecules may have altered. This would furthermore explain the *in vivo* results in that the 5-HT projections coming from the MnR are highly attracted by the mPFC when 5-HTT is lacking during development. It is plausible that because of the diminished expression of Satb2 (and maybe other transcription factors as well such as Ctip2), the expression of guidance cues is influenced. Indeed, it has been shown that the expression of a variety of axonal guidance molecules is amended in the absent expression of Satb2 (Alcamo et al., [@B2]). It would therefore be of interest to look for aberrant guidance cue expression in the 5-HTT^−/−^ animals and co-culture either the various subareas of the rostral raphe cluster, intermediate targets or the mPFC with HEK cells secreting an axonal guidance cue and to see whether the responsiveness of the outgrowing neurites would change in the absence of 5-HTT and/or could be modulated by 5-HT.

It has been shown that 5-HT plays a major role in the plasticity of the various other projection systems by modulating the guidance of their projections (Martin-Ruiz et al., [@B73]; Cunningham et al., [@B33]; Zhong et al., [@B111]). Since the overall outgrowth of neurites from the DR and MnR is affected by a (partial) lack of the 5-HTT, neurotransmitter systems other than the 5-HT system may be affected as well. Future experiments with 5-HTT^−/−^ three-dimensional explants of nuclei from other neurotransmitter systems such as the dopaminergic or noradrenergic system and their targets may give insight into such additional modulatory actions of 5-HT during development. While the total (Tuj1-positive) raphe and mPFC neurite outgrowth in the wild-type and 5-HTT^−/−^ situation appeared to be attractive by nature, this interaction becomes repulsive in the heterozygous animal. Perhaps, *in vitro*, either too high or too low concentrations of 5-HT permit an attractive response of both raphe as well as mPFC outgrowing neurites due to counteracting effects of different subtypes of 5-HT receptors expressed by the respective neurons (Celada et al., [@B26]; Martin-Ruiz et al., [@B73]; Ferezou et al., [@B44]; Santana et al., [@B90]; David et al., [@B37]; Alexandre et al., [@B3]; Riccio et al., [@B88]; Puig et al., [@B84]; Vucurovic et al., [@B103]), while intermediate 5-HT levels might elicit effects only via the more sensitive of the receptors producing a repulsive interaction. These results are intriguing considering that the s-allele carriers of the human 5-HTT polymorphism have a reduction in the amount of 5-HTT but never a complete lack (Lesch et al., [@B66b]; Champoux et al., [@B27a]; Pezawas et al., [@B82a]; Homberg and Lesch, [@B53b]).

The function of 5-HTT in cortical integrity
-------------------------------------------

A distant target of the ascending 5-HT projection system is the mPFC (D\'Amato et al., [@B35]), which is involved in working memory and behavioral flexibility (Miller and Cohen, [@B75]) and is also one of the last brain areas to mature (Molnar and Clowry, [@B76]). The 5-HTT is the primary regulator of the 5-HT signal and may therefore affect the role of 5-HT in correct development of the brain. The presence of 5-HTT itself within the developing mPFC already starts from E14.5 onwards with 5-HTT-positive cells and later fibers innervating the mPFC in two parallel paths contacting many other cells (e.g., Cajal-Retzius cells) important for its correct development and layering (Lebrand et al., [@B64]; Zhou et al., [@B112]). Lack of 5-HTT during development could therefore have profound effects on the integrity of the mPFC itself.

The transcription factor Satb2 (special AT-rich sequence binding protein 2) is a marker exclusively expressed by callosal projection neurons from E13.5 onwards and Satb2-positive cells reside in cortical layers II-V and in subsets of neurons in layer VI (Dobreva et al., [@B42]; Alcamo et al., [@B2]; Britanova et al., [@B17]; Zhang et al., [@B110]). Satb2-positive callosal projection neurons were also present in the mPFC in which they most likely need selective 5-HT excitation to communicate (Avesar and Gulledge, [@B7]). In absence of the 5-HT transporter, the number of Satb2-positive neurons in the mPFC was decreased in all cortical layers, suggesting an altered identity of a set of prefrontal callosal projection neurons. Interestingly, there are indications that SSRIs given for the treatment of depression have an effect on the anatomy of the corpus callosum (Djavadian et al., [@B41]; Reyes-Haro et al., [@B86]; Simpson et al., [@B93]). In absence of Satb2, many downstream targets (e.g., guidance cues) are either up- or down-regulated in expression which can have an effect on the identity of a class of mPFC neurons themselves and/or have an effect on incoming projection systems (Alcamo et al., [@B2]). Since the 5-HT fibers are thought to contact the Cajal-Retzius (CR) cells in the marginal zone (presumptive cortical layer I) of the mPFC \[(Janusonis et al., [@B57]; Chameau et al., [@B27]) and unpublished data\], an increase in axonal innervation could result in an altered 5-HT signal onto the CR cells. The subsequent altered reelin release could have profound effects on the cortical layering resulting in a modified mPFC-mediated behavioral control. Therefore, we cannot rule out the possibility that during development, the migration of various classes of cortical projection neurons is also affected. To verify whether the callosal trajectory and/or identity of other projection neurons is affected in the absence of 5-HTT further experiments using various layer- and cell type-specific markers combined with electrophysiolological recordings are needed.

The excessive 5-HT fibers seen in the 5-HTT^−/−^ cortical plate can also have an effect on the maturity and dendritic arborization of the pyramidal neurons it harbors (Figure [6](#F6){ref-type="fig"} and Miceli et al., [@B73a]). Therefore it is likely that subsets of mPFC projections neurons have an altered identity due to altered expression levels of transcription factors (such as Satb2) in absence of 5-HTT during development. This can have consequences for later innervations of either serotonergic or other transmitter projections because of an altered permissive environment of the mPFC.

During the formation of long projections systems, scaffolds are formed by pioneer axons. The following axons can now trail these scaffolds toward their proper targets and associate together in fascicles (Van Vactor, [@B100]; Jaworski and Tessier-Lavigne, [@B58]). This is modulated by intrinsic membrane-bound cues and extrinsic diffusible cues. The number of mPFC explants of which neurites had formed fascicles was affected in the 5-HTT^−/−^ animals. This could indicate that the altered 5-HT signal influences the response of the mPFC neurites to the intrinsic membrane-bound and soluble cues influencing fasciculation. Additionally, the altered 5-HT signal could alter the actual cues, and thereby influence fasciculation (Petit et al., [@B82]). Altered fasciculation in the brain could have profound effects. For example in the case of defasciculation, fibers would be less densely packed and spread out over a larger area, with possible projections into surrounding areas that normally are not innervated. For future experiments, co-culturing mPFC of the different genotypes with wild-type raphe would shed some light on the role of an altered mPFC due to absence of 5-HTT in the development of the raphe-prefrontal network.

Because of the altered developmental 5-HT levels, one may wonder whether the expression of particular 5-HT receptors within the mPFC is altered (Li et al., [@B67]; Chameau et al., [@B27]; Riccio et al., [@B88]; Vucurovic et al., [@B103]), including 5-HT~1A~ and 5-HT~3A~ that are expressed by the CR cells themselves (Janusonis et al., [@B57]). The prefrontal pyramidal neurons express 5-HT~1A~, 5-HT~2A~ and 5-HT~6~ receptors (Celada et al., [@B26]; Martin-Ruiz et al., [@B73]; Santana et al., [@B90]; Riccio et al., [@B88]) and by changing the level of extracellular 5-HT, the conveyed signals differ and can result in an altered cell identity. The prefrontal neurons can show altered characteristics because of altered expression of 5-HTT in the mPFC itself (cell autonomous effect) or, due to the increased 5-HT innervation in the mPFC of 5-HTT^−/−^ animals (non-autonomous effect) this can lead to differences in cortical identity. For example, the amount of brain-derived-neurotrophic factor (BDNF) is dramatically decreased in the mPFC of animals lacking the 5-HTT (Mallo et al., [@B70]; Molteni et al., [@B77]), thereby perhaps changing the permissiveness of the mPFC environment to incoming projections. Therefore, experiments involving manipulations of 5-HT levels in the culture medium of the explants using receptor agonists (e.g., Flesinoxan or mCPBG), antagonists (eg WAY 100635 or tropisetron) or 5-HT itself, may provide additional information about the role of the 5-HT signal and the regulation hereof by the 5-HTT on the 5-HT neurite targeting and interaction with the mPFC (Ferezou et al., [@B44]; Alexandre et al., [@B3]; Chameau et al., [@B27]).

In sum, we conclude that the 5-HT projections arising from the rostral cluster of raphe and which innervate the mPFC seem to depend on the presence of 5-HTT during development. These results indicate that appropriate 5-HTT levels are required for proper 5-HT guidance, fasciculation, and innervation of the mPFC and that appropriate 5-HTT levels are important for proper development of the raphe-prefrontal projection system (Figure [7](#F7){ref-type="fig"}). Nevertheless, decoding the molecular program of 5-HT neurons and their projections toward the mPFC is a challenging task, and additional research is necessary. Given that 5-HTT^+/−^ animal models share many behavioral aspects with those seen in human 5-HTTLPR s-allele carriers, our data may help to understand the neurodevelopmental foundations of 5-HT associated behavioral phenotypes.
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###### 

**Explant assays as a tool to study raphe-prefrontal network formation *in vitro*. (A)** Schematic representation showing the explant microdissection of the subareas of the rostral raphe cluster and the mPFC. The rostral raphe cluster was divided in a rostral (R), intermediate (I) and caudal (C) subarea and duplicated across the midline. Explants in a collagen hill were co-cultured at approximately 300 μm distance from each other. **(B)** Dorsal view of the dorsal raphe (DR) in a large explant showing 5-HT-positive neurons (green). **(B\')** Enlargement of the boxed area in **(B)** showing the midline (dashed line) and individual 5-HT neurons sending out their projections. **(C)** Coronal cryosection showing 5-HT-positive neurons (green) in both the DR and MnR costained with Satb2 (red) and counterstained with fluorescent Nissl (blue). **(D)** DR explant stained for 5-HT (green) and Tuj1 (red) showing healthy axonal growth cones (asterisk and arrowheads).

###### 

Click here for additional data file.

###### 

**Number of fascicles from the mPFC is moderated by the presence of 5-HTT during development. (A)** Fascicles coming from the mPFC and immunostained for Tuj1 (β-III tubulin) with a minimum width of 5 μm (arrows) the length and width were measured. Scale bar represents 50 μm. **(B)** Enlargement of the boxed area in **(A)**. To measure the length and width, we traced along and across the fascicle. **(C--E)** The percentage of explants with fascicles measured in the proximal quadrant per subarea and per genotype. **(F)** Examples of the proximal quadrant of the rostral subarea (DR) of the genotypes (5-HTT^+/+^, 5-HTT^+/−^and 5-HTT^−/−^) immunostained for 5-HT (green). No fascicles were formed by 5-HT-positive neurites growing from the DR.

###### 

Click here for additional data file.

###### 

**Width of fascicles from the mPFC is modulated by the presence of 5-HTT during development. (A,B)** Examples of fascicles with a certain width in the distal quadrant of the MnR (caudal subarea) of wild-type and 5-HTT^−/−^ animals. Scale bar represents 20 μm. **(C--E)** Quantification of fascicle width for the different subareas and genotypes. Graphs show average length of fascicles per explant ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05.

###### 

Click here for additional data file.

###### 

**Number of Satb2-positive neurons in the mPFC decrease in contrast to total number of cells in absence of 5-HTT during development. (A)** Schematic representation of the various subareas of the mPFC as quantified in **(B)**. **(B)** Quantification of the total number of cells (Nissl-positive) and the Satb2-positive cells in the various subareas of the mPFC over a swatch of 100 μm in width. Cg, cingulate cortex; IL, infralimbic; PL, prelimbic. Graphs show average number of cells per cortical swatch ± SEM. One-Way ANOVA (α = 0.05), ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.
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Click here for additional data file.
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